ABSTRACT The egg-laying rate is an important indicator of egg production of laying ducks. Egg production directly impacts the economic benefits of the duck industry. In order to obtain better insight into the molecular mechanisms associated with the process of egg production, comparative transcriptomic analysis of the ovaries of Jinding ducks with high and low egg production was performed using the Illumina HiSeq 2500 system. A total of 843 differentially expressed genes (DEGs) was identified, 367 that were down-regulated and 476 that were up-regulated in high egg production (HEP) ovaries, as compared with low egg production (LEP) ovaries. Some genes, such as MC5R, APOD, ORAI1, and DYRK4, were more active in HEP ovaries, indicating that these genes may play important roles in regulation of egg production. Among these 843 DEGs, 685 were assigned to gene ontology (GO) categories. Of these, 25 genes were related to reproduction, and 30 were related to the reproductive process, including some associated with ovarian follicle development, circadian regulation of gene expression, circadian rhythm, and estrogen receptor binding. Furthermore, some important functional pathways were revealed, such as the steroid biosynthesis pathway, the endocrine and other factor-regulated calcium reabsorption pathways, circadian rhythm, the neuroactive ligand-receptor interaction pathway, fatty acid biosynthesis, and the calciumsignaling pathway, which appear to be much more active in the HEP group, as compared to those of the LEP group. The results of this study provide very useful information that may contribute to future functional studies of genes involved in bird reproduction.
INTRODUCTION
China is the largest breeder and consumer of ducks worldwide, producing about 3 to 4 million ducks and 30 billion eggs each year with an economic value of about 40 billion yuan annually. Thus, duck breeding is an important agricultural industry in China.
The number of eggs produced and egg-laying rate are important indicators of laying performance in the poultry industry. Many studies have shown that, other than nutritional levels, the impacts of environmental, seasonal, and disease-susceptibility factors on egg production vary among duck breeds (Hoque et al., 2010; Hoque et al., 2011; Makagon and Mench, 2011; Ruan et al., 2015; Fouad et al., 2016; Lin et al., 2016) , while other studies have identified numerous genes associated with egg production, including prolactin, which is involved in ovarian follicular development and egg laying in chick-ens (Li et al., 2011b) ; follicle-stimulating hormone and luteinizing hormone, which regulate gonadal function via follicular maturation and ovulation (Shen et al., 2006) ; follicle-stimulating hormone receptor, which is associated with early laying performance (Li et al., 2011a) ; gonadotropin-releasing hormone, which plays an important role in reproductive performance (Khairy and Ahmed, 2011) ; and insulin-like growth factor 1, which plays a major role in the regulation of ovulation frequency, ovarian follicle development, and egg production (Kim et al., 2004; Abdalhag et al., 2016) .
The results of ongoing research have identified other genes associated with the laying performance of birds. For example, a study of LaiWu Black chickens indicated that bone morphogenetic protein 15, which is an oocyte-secreted growth factor required for ovarian follicle development and ovulation in mammals, also plays a vital role in the development of the ovaries and follicles in poultry, especially primary follicles (Han et al., 2015) . Single-nucleotide polymorphisms (SNP) of the transcription factor fork head box L2 (FOXL2) and growth differentiation factor-9 (GDF9) have been correlated with egg production and weight (Qin et al., 4378 2015) , while periostin and platelet-derived growth factor receptor-like are involved in ovarian development and correlated with egg production, egg weight, and body weight of Chinese Dagu hens (Jing et al., 2016) . Five SNP in the 5 flanking regions of the growth hormone, prolactin, and POU domain, class 1, transcription factor 1 (POUF1) genes are associated with egg production of Muscovy ducks (Xu et al., 2015) . Six SNP in the coding region of the low-density lipoprotein receptor-related protein 8 gene are associated with egg production and other reproductive traits in ducks (Wang et al., 2013) . One SNP of the open reading frame and one in the intron of the very-low-density lipoprotein receptor gene are associated with egg production, age at first laying, and weight of the first egg (Wang et al., 2011) . One SNP of the 5 regulatory region of the MTNR1A gene has been shown to affect the rate of egg production of Yangzhou geese (Alsiddig et al., 2017) . However, at present, the number of genes associated with egg production remains very limited, and little is known about the links among these genes.
RNA sequencing (RNA-seq) is a recently developed transcriptome profiling technique that uses deepsequencing technologies to solve biological problems. At the transcriptional level of the whole genome sequencing, RNA-seq can detect differences in gene expression profiles among individuals in various developmental states, which is helpful to study gene function.
In animals, the 2 critical functions of the ovary are to produce eggs and hormones, which are important to follicle formation, development, and excretion in the egglaying process. Genomic and transcriptomic studies of the ovaries have helped to further elucidate mechanisms underlying reproductive physiology. Thus far, RNA-seq has been used to study specific ovarian genes of many livestock animals, including yak (Lan et al., 2014; Lan et al., 2016) , cattle (Lan et al., 2016) , goats (Ling et al., 2014; Zhao et al., 2015; Miao et al., 2016) , sheep , and pigs (Zhang et al., 2015b) . These transcriptome data are associated with reproductive performance (Lan et al., 2014; Ling et al., 2014; Zhao et al., 2015; Lan et al., 2016; Miao et al., 2016) , fecundity , and litter size (Ling et al., 2014; Zhang et al., 2015b) . There also have been many studies of the ovarian transcriptome in poultry. For example, the Genome-Wide Association Study identified many mutants associated with egg production by chickens (Yan et al., 2015) , while another study identified microRNA associated with a high rate of egg production in chicken ovarian follicles (Wu et al., 2017) . Moreover, RNA-seq was used to identify differentially expressed genes between the ovaries and testes of quail (CaetanoAnolles et al., 2015) . In the pigeon, differentially expressed genes in ovary tissues between blue and white light were identified by transcriptome analysis . Recently, the Illumina HiSeq 2500 system was used to assess differences in the ovarian transcriptome of Shanma ducks between peak and late stages of egg production (Zhu et al., 2016) . In addition, the ovarian transcriptomes of the mouse (Pan et al., 2014; Cerny et al., 2016) , silkworm (Xue et al., 2015) , loach (Luo et al., 2015) , Japanese blue crab (Meng et al., 2015) , and baboon (Babbitt et al., 2012 ) also have been investigated. However, few studies have investigated the ovarian transcriptomes of ducks, and no study has assessed the differences in the ovarian transcriptomes of high and low egg production in ducks.
Eggs from the Jinding duck are a very popular food in China. This breed is known for its strong resistance to disease, ability to digest roughage, and high egg production. However, in duck production, there exist differences in the egg-laying rates of Jinding ducks. In order to further improve the performance of egg production, the ovaries of Jinding ducks were analyzed using the Illumina HiSeq 2500 system to assess differentially expressed genes (DEG) between high and low egg production. The aim of this study was to identify major genes that control laying performance and thus provide a molecular basis for functional analysis of genes associated with egg production in ducks.
MATERIALS AND METHODS

Animals and Sample Collection
Jinding ducks were obtained from Jiangsu Gaoyou Duck Group, Yangzhou, Jiangsu, China. In order to reduce the effects of age, nutrition, and environmental and genetic factors on laying performance as far as possible, these ducks were chosen from a half-sib family of the same age and raised under the same feeding management condition. All experimental and sample collection procedures were performed according to the standards for the administration of experimental practices (Jiangsu, China, 2008) . Egg production of these ducks was recorded from d 169 to d 310 (total 142 d), which is the stage of the ducks' highest egg production. A total of 114 Jinding ducks in a period of continuous egg production was used in this study. The individual egg-laying rate is the total number of eggs within 142 d of each duck divided by 142 d and multiplied by 100%. From 114 Jinding ducks, 13 ducks were chosen according to the laying rate from high to low and defined as the high egg production (HEP) group; another 13 ducks were chosen according to the laying rate from low to high and defined as the low egg production (LEP) group. There was a significant difference in the average egg-laying rate of the HEP and LEP groups (100.2 ± 1.34% vs. 78.62 ± 6.17%, respectively, P = 0.000, n = 26). The ovaries were rapidly harvested from a total of 6 healthy female ducks, 3 from the HEP group and 3 from the LEP group, and immediately frozen in liquid nitrogen for RNA-Seq. All tissue samples were stored at -80
• C until the total RNA extraction procedure was performed.
RNA isolation, mRNA Library Preparation, and Sequencing
Total RNA was extracted from ovaries using TRIzol reagent (Invitrogen Corporation, Carlsbad, Note: t test analysis was conducted in data analysis. P < 0.05 means significant difference; P < 0.01 means extremely significant difference. The number of each group is 13 (n = 13).
CA) according to the manufacturer's instructions. RNA quality was assessed using a spectrophotometer (BioPhotometer R ; Eppendorf, Hamburg, Germany) and gel electrophoresis. mRNA enrichment, mRNA fragmentation, and cDNA library preparation were conducted using Illumina's TruSeq Stranded mRNA LTSample Prep Kit (Illumina, Inc., San Diego, CA) following the manufacturer's recommendations. cDNA was purified twice using the Agencourt AMPure XP purification system (Beckman Coulter Inc., Brea, CA), and its integrity was assessed with the Bioanalyzer 2100 DNA-1000 kit (Agilent Technologies, Santa Clara, CA). Then, the final cDNA libraries were sequenced using the Illumina HiSeq 2500 system.
Raw reads obtained from Illumina sequencing were cleaned by removing low-quality reads and adaptor sequences (Hansen et al., 2010; Kerpedjiev et al., 2014) . The clean reads were mapped to the duck reference genome (ftp://ftp.ensembl.org/pub/release-80/ fasta/anasplatyrhynchos/dna/) using TopHat/Bowtie2 software (Kim and Salzberg, 2011) .
Analysis of RNA-seq Data
Gene expression levels were calculated using the reads per kilobase of exon model per million reads method (Mortazavi et al., 2008) . Differential expression of genes was analyzed using the negative binomial distribution test method. In all tests, P-values were calculated using the Benjamini and Hochberg (1995) approach to control the false discovery rate, and 0.05 was defined as the threshold of significance. Genes with P ≤ 0.05 were considered to be DEG.
Gene ontology and Gene Functional Analysis of DEG
DEG lists were submitted to the gene ontology (GO) database using Blast2GO, a software package that retrieves GO terms. This software package can be used to determine and compare gene functions (Conesa et al., 2005; Conesa and Götz, 2008; Götz et al., 2008) . GO terms with corrected P-values ≤ 0.05 were considered significantly enriched among the DEG. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were assigned to the classification of unigenes using the online KEGG Automatic Annotation Server (KAAS; http://www.genome.jp/kegg/kaas/) (Ashburner et al., 2000; Kanehisa et al., 2008) . In all tests, P-values were calculated using the Benjamini-corrected modified Fisher's exact test and P-values ≤ 0.05 were considered statistically significant.
Quantitative Reverse Transcription Polymerase Chain Reaction Analysis
The RNA-seq results of 3 samples from the HEP group and 3 from the LEP group were validated. To validate the repeatability and reproducibility of the gene expression data, quantitative reverse transcription polymerase chain reaction (qRT-PCR) of 26 selected DEG was performed. Beta-actin and glyceraldehyde 3-phosphate dehydrogenase were used as reference genes. All primer sequences were designed using Primer Premier 5 software (Premier Biosoft, Palo Alto, CA) and are listed in Table S1 . qRT-PCR was performed in triplicate with SuperReal qPCR PreMix (SYBR Green) (FP204-01) master mix using an Agilent stratagene Mx3000p qPCR system under the following amplification conditions: 95
• C for 10 min, followed by 40 cycles at 95
• C for 25 s, 60
• C for 25 s, 75
• C for 25 s, and 72
• C for 10 minutes.
Statistical Analysis
Independent-samples t-test analysis was conducted using the software package SPSS 10.0 (SPSS Inc., Chicago, IL). The data were presented as mean ± SEM. A P-value < 0.05 was considered statistically significant. The correlation analysis was conducted with Pearson's correlation.
RESULTS
Comparisons between the HEP and LEP Groups
Body weight, egg-laying rate, fallopian tube length, and the numbers of preovulatory follicles, small yellow follicles (SYF), and large white follicle (LWF) of ducks were calculated and compared between the HEP and LEP groups. The results showed extremely significant differences (P < 0.01) in the egg-laying rate and significant differences (P < 0.05) in fallopian tube length between the HEP and LEP groups. However, there were no significant differences in body weight or the numbers of preovulatory follicles, SYF, or LWF between groups (P > 0.05; Table 1 ).
Overview of Sequencing Data
The transcriptome data of the duck ovary have been deposited in the GEO database (accession number: GSE92253). Six RNA-seq libraries were obtained from the ovaries of ducks from the HEP and LEP groups. Approximately 85 to 120 million raw reads were obtained, which resulted in approximately 83 to 117 million clean reads after removal of the low-quality and adaptor sequences. The percentage of Q30 ranged from 93.56 to 94.40%.
Overview of Unigene Database
Unigene databases of the HEP and LEP groups were constructed by the similarity of the sequence method, in which sequences with a similarity to the transcriptome of 80% were clustered into one class, and the longest sequence of each class was used as a representative sequence. Totals of 40,305 and 40,135 genes were obtained from the HEP and LEP group libraries, respectively. Of these, 1,457 genes were expressed only in the HEP group, 1,287 genes were expressed only in the LEP group, and 38,848 genes were co-expressed in both libraries. A total of 41,952 genes was obtained between the two groups, in which 42.04% of the unigenes were 2,001 to 5,000 bp in length, 21.97% were 1,001 to 2,000 bp in length, 17.31% were 5001 to 1000 bp in length, and an N50 of 4549 bp.
Differences in DEG between the HEP and LEP Groups
A total of 843 genes was differentially expressed between the 2 groups, in which 367 genes were upregulated, and 476 genes were down-regulated (Table S2). The 26 most up-regulated genes (log 2 foldchange ≥ 4) and 50 most down-regulated genes (log 2 fold-change ≤ -4) from a total of 843 DEG were identified between the HEP and LEP groups. The top 20 DEG are listed in Table 2 .
Validation of DEG
qPCR was performed using 26 selected genes to validate the expression profiles obtained by RNA-Seq. In general, the expression patterns of these genes obtained by qPCR were consistent with those obtained by RNAseq (Table 3) . Correlation analysis results showed that the Pearson correlation is 0.985 (p = 0.000) between the qPCR and RNA-Seq data, which indicates that there is a significant positive correlation between the 2 groups of data. This further supports the reliability of the DEG data from RNA-seq. (Figure 1 ; Table S3 ). The functions of the majority of DEG in this study were as follows: cell, cell part, cellular process, single-organism process, and binding. Furthermore, among the DEG annotated as biological process, 25 were related to reproduction and 30 to the reproductive process, which included those associated with ovarian follicle development, circadian regulation of gene expression, circadian rhythm, and estrogen receptor binding.
Functional enrichment Analysis of DEG
Among 843 DEG, 245 were assigned to 240 KEGG pathways (Table S4) . Pathway enrichment analysis identified the top 20 enriched pathways (Figure 2 ). The top 10 enriched pathways included aflatoxin biosynthesis (ko00254), asthma (ko05310), glycosaminoglycan biosynthesis-heparan sulfate/heparin (ko00534), viral myocarditis (ko05416), graft-versus-host disease (ko05332), propanoate metabolism (ko00640), steroid biosynthesis (ko00100), allograft rejection (ko05330), the glucagon-signaling pathway (ko04922), and endocrine and other factor-regulated calcium reabsorption (ko04961).
DISCUSSION
The ovary performs many functions, including mediation of ovulation, secretion of reproduction hormones, and maintenance of the estrous cycles, which directly affects reproductive capacity (Weiner et al., 1975; Rojas, 1995; Pan et al., 2014) . In this study, 114 Jinding ducks continuously laid eggs from d 169 to d 310. Although the egg-laying rate of most of ducks is 85 to 95%, the egg-laying rate of some ducks is > 100%. Thus, it is possible to improve the egg-laying rate of Jinding ducks. Transcriptomic studies of the duck ovary will Note: HEP: high egg production. LEP: low egg production. P-value < 0.05 means significant difference; P-value < 0.01 means extremely significant difference between HEP and LEP groups. contribute to discovery of additional genes related to egg production, promote the breeding of higher egglaying ducks, and increase economic efficiency. In this study, the laying rate of the HEP group was significantly greater than that of the LEP group (100.2 ± 1.34% vs. 78.62 ± 6.17%, respectively). Thus, the models provided reliable data for the study of the egg-laying performance of ducks. The transcription level change in duck ovary does not occur in follicles, and, thus, the ovary for the RNA extraction is the basal body of the ovary; the follicles per size were separated from the ovary and were not used for RNA extraction. There was a significant difference (P < 0.05) in the fallopian tube length between the HEP and LEP groups, suggesting that fallopian tube length may be related to egg production.
DEG Analysis
In this study, there were 843 DEG between the HEP and LEP groups. Of these, 367 were up-regulated, and 476 were down-regulated. Furthermore, 26 and 50 DEG were up-regulated and down-regulated by log 2 foldchange ≤ -4 (Table S2 ). These results suggest that these DEG may play important roles in the regulation of egg production.
Among the top 20 DEG, melanocortin 5 receptor (MC5R) was the most differentially expressed. MC5R is a member of the G-protein-coupled receptor family that is involved in lipid metabolism and exocrine function, and possibly mediates the immunomodulation properties of melanocortins (Jun et al., 2010 ; Switonski et al., 2013; Yang et al., 2013) . The function of MC5R is related to α-melanocyte stimulating hormone (α-MSH). Studies have shown that α-MSH promotes muscle glucose uptake via the MC5R-PKA axis in mice (Enriori et al., 2016) , and α-MSH signaling via MC5R promotes lipolysis and reesterification in adipocytes (Rodriques et al., 2013) . Previous studies have shown that MC5R is widely expressed in the human endometrium, suggesting that MC5R may play a role in the female reproductive system (Lantang et al., 2015) . In this study, MC5R expression in the ovary was more than 80-fold greater in the HEP than in the LEP group, indicating that MC5R may play an important role in egg production. KEGG analysis showed that MC5R was assigned to the neuroactive ligand-receptor interaction pathway, and we speculate that MC5R may have a neuroendocrine function in duck and regulate the egg production; however, this speculation remains to be tested.
Apolipoprotein D (APOD) is a carotenoid-binding gene (Gao et al., 2016 ), which appears to be able to transport a variety of ligands in a number of different contexts. The latest research has shown that APOD is a novel estrogen-stimulated gene in the chicken oviduct and may regulate the growth, differentiation, and remodeling of the fallopian tube in the spawning period (Jeong et al., 2015) . The results of the present study showed a significant difference in fallopian tube length between the HEP and LEP groups, and the expression of APOD was significantly greater in the HEP group than in the LEP group, suggesting that APOD may be involved in the egg production of ducks via regulation of fallopian tube development.
Calcium release-activated calcium channel protein 1 (ORAI1) is a membrane calcium channel subunit that forms heterodimers with stromal interaction molecule (STIM) proteins in the STIM-ORAI1 channel, which has been identified as the underlying molecular mechanism of store-operated calcium entry (SOCE). SOCE is an important channel that allows extra cellular Ca 2+ to enter the cell. Recent research has shown that ORAI1 plays a role in the male reproductive system (Davis et al., 2016; Nguyen et al., 2016) . For example, knockout male mice are sterile due to defects in spermatogenesis (Davis et al., 2016) . ORAI1, which is involved with the calcium-signaling pathway, the cAMP-signaling pathway, and aldosterone synthesis and secretion, was upregulated in the HEP group, as compared with the LEP group. However, it remains uncertain whether ORAI1 plays a role in egg production by regulating calcium uptake.
The dual-specificity tyrosine-(Y)-phosphorylation (DYRK4) gene encodes an enzyme that belongs to a conserved family of serine/threonine protein kinases. The members of this family play key roles in the regulation of cell differentiation, proliferation, survival, and development (Papadopoulos et al., 2011) . In the reproductive system, DYRK4 is expressed in the testes of adults, but not prepubertal, rats (Becker et al., 1998) and is highly restricted to step 8 spermatids (Sacher et al., 2007) . In this study, DYRK4 was detected in duck ovary with significant differences between the HEP and LEP groups, indicating that this gene also plays a role in the female reproductive system, although the underlying mechanism is not well known.
The GRAM domain containing 1B (GRAMD1B) gene is predicted to encode a trans-membrane protein, and a previous study showed that GRAMD1B is a candidate gene of fetal Leydig cells (McDowell et al., 2012) . The results of a genome-wide study of cattle identified GRAMD1B as a candidate gene involved in female fertility (Höglund et al., 2015) . These results illustrated that the GRAMD1B gene may play an important role in the reproductive development of both males and females.
The function of many genes in egg production is unknown. For example, the G protein regulated inducer of neurite outgrowth 2 (GPRIN2) may be involved in neurite outgrowth (Chen et al., 1999) . FIG4 phosphoinositide 5-phosphatase (FIG4) is a member of the SAC domain-containing protein gene family and plays a key role in vesicle trafficking in eukaryotic cells. Mutation to FIG4 leads to Yunis-Varon syndrome (Campeau et al., 2013) and amyotrophic lateral sclerosis (Kon et al., 2014) .
Cordon-bleu WH2 repeat protein, which is regulated by calcium and calmodulin, plays an important role in the regulation of neuron morphogenesis and increases branching of axons and dendrites, which is crucial for the formation of dendritic arbors of nerve cells-a key process in neuronal network formation (Hou et al., 2015) . Alstrom syndrome protein 1 (ALMS1) is important in microtubule organization, particularly in the formation and maintenance of cilia. Mutation of the ALMS1 gene causes Alstrom syndrome (Laxer et al., 2016) .
Furthermore, a study of SAMD3, CFAP61, LRRIQ1, NCMAP, ST6GAL1, LOC101793727, LOC101801959, LOC101795471, and 3 uncharacterized genes offered very little information; thus, the function of these gene is not well known. Differences in the expression levels of these DEG between the HEP and LEP groups indicate that these genes may be involved in egg production. However, further studies are needed to confirm this speculation.
qPCR Verification of DEG
qRT-PCR analysis was conducted on 26 genes that may be related with follicular development and ovulation progression. These genes were mainly involved in the insulin-signaling pathway (MKNK1, PDPK1, PRKAA2, ACACA, PRKACB, and TSC1), circadian rhythm (PRKAA2, CLOCK, and PER2), endocrine and other factor-regulated calcium reabsorption (ESR1, CLTCL1, CLTB, DNM3, and PRKACB), the gonadotropin-releasing hormone-signaling pathway (PRKACB and MAP3K2), ovarian steroidogenesis (PRKACB and LOC101797494), the estrogen-signaling pathway (ESR1 and PRKACB), the prolactin-signaling pathway (ESR1), progesterone-mediated oocyte maturation (PRKACB), oocyte meiosis (PRKACB and PPP3CB), the oxytocin-signaling pathway (CACN2D3, GUCY1A3, PRKAA2, and PPP3CB), and the cell cycle (BUB3, TFDP2, and CHEK2). The qPCR results of these 26 genes were consistent with the RNA-Seq results, indicating that the RNA-Seq results are reliable.
GO and KEGG Analyses of DEG
To investigate the biological functions of the DEG, GO annotation and KEGG analyses were performed. A total of 584 DEG was assigned to 23 GO categories under biological processes, of which the largest proportion was "cellular process, " followed by "single-organism process," "biological regulation," "metabolic process," and "regulation of biological process." In addition, 25 and 30 DEG were associated with "reproduction" and "reproductive process," respectively. Among the genes classified to the GO categories "reproduction" and "reproductive process," some were associated with ovarian follicle development, circadian regulation of gene expression, circadian rhythm, and estrogen receptor binding. A total of 655 DEG was assigned to 16 GO categories under the heading of cellular component, of which the largest proportion was "cell," followed by "cell part," "organelle," "membrane," "organelle part," and "membrane part." A total of 544 DEG was assigned to 12 GO categories under the heading of molecular function, of which the largest proportion was "binding" followed by "catalytic activity." The GO assignment results were similar to previous reported results in other species, such as sheep and goat ovaries (Han et al., 2015; Qin et al., 2015) . These results indicated that "cell," "cell part," "cellular progress," and "binding" play important roles in the physiological activities of the duck ovary, suggesting that these GO categories are important in the regulation the egg production of ducks.
KEGG analysis predicted that 245 DEG were involved in 240 pathways. In this study, genes involved with circadian rhythms were enriched. In the ovary of poultry, ovulation is regulated by a positive feedback loop of ovarian progesterone on the neuroendocrine system (Nakao et al., 2007) . Circadian rhythms are physiologic and behavioral cycles that control a variety of biological processes, including feeding, body activity, the sleep-wake cycle, and the female reproductive cycle (Loh et al., 2014) . Many studies have shown that circadian disruption leads to a decrease in reproductive success (Di Cara and King-Jones, 2016) , indicating that circadian rhythms are important for reproduction.
The circadian circuits modulate steroids synthesis and insulin signaling (Di Cara and King-Jones, 2016) , and in preovulatory ovarian follicles, the circadian clock genes regulate the expression of the steroidogenic acute regulatory protein gene (Nakao et al., 2007) . The circadian locomotor output cycles kaput (CLOCK) gene is a positive regulator of circadian rhythms, which, when combined with BMAL1, forms a CLOCK/BMAL1 dipolymer, which activates transcription of the PER (Per1, Per2, and Per3) genes (Dunlap, 1999) . On the other hand, PER inhibits transcription of CLOCK/BMAL1, thereby negatively regulating the circadian rhythms, which is important to maintain the stability of the biological clock (Bae et al., 2001 ). The circadian clock plays an important role in the regulation of ovulation by sensitizing the ovary to the luteinizing hormone (Sellix et al., 2010) . A recent study of clock genes in the hen oviduct showed that the genes BMAL1, CLOCK, PER2, and PER3 might play direct roles in the infundibulum and uterus, where the yolk is captured and the eggshell is formed (Zhang et al., 2016) . In the study, CLOCK was up-regulated, and Per2 was down-regulated in the HEP group, as compared with the LEP group. These results were in accordance with those of previous studies. Thus, the circadian rhythms of the duck ovary may function in the regulation of ovulation of ducks.
Steroid hormones, such as estrogens, are important regulators of the female reproductive system (Vrtačnik et al., 2014) . Peripheral actions of estrogen are mainly mediated through estrogen receptors 1 (ESR1) and estrogen receptors 2 (ESR2) (Burns and Korach, 2012) . ESR1 functions in estrogen-dependent positive and negative feedback in the gonadotroph. ESR1 knock-out females are infertile or subfertile (Singh et al., 2009) , and ESR1 gene polymorphisms are associated with follicle and oocyte maturity (de Mattos et al., 2014) . A previous study showed that ESR1 was related to the dynamic stiffness of the chicken eggshell (Dunn et al., 2009) . The results of the present study showed that ESR1 is involved in estrogen receptor activity, steroid binding, and sequence-specific DNA binding. ESR1 expression was down-regulated in the HEP group, as compared with the LEP group, and was assigned to many pathways, including the endocrine and other factorregulated calcium reabsorption pathway, the estrogensignaling pathway, and the prolactin-signaling pathway, indicating that this gene is essential to egg production of ducks.
The steroid biosynthesis pathway has been recognized as an important target for endocrine-disrupting chemicals that impair reproduction (Sanderson, 2006) . The NAD(P) dependent steroid dehydrogenase-like gene was assigned to the steroid biosynthesis pathway and was up-regulated in the HEP group, which may be a positive regulator of egg production. The protein kinase cAMP-activated catalytic subunit beta (PRKACB) and LOC101797494 genes were assigned to ovarian steroidogenesis, which is considered important to ovary development and female reproduction. Other important components of egg production are fatty acids, and the acetyl-CoA carboxylase alpha (ACACA) gene may play a role in the regulation of the fatty acid biosynthesis in the yolk of the duck egg. Beyond that, ACACA was also assigned to the insulinsignaling pathway and propanoate metabolism. It is speculated that the ACACA gene is important to egg production. Ducks require plenty of calcium during the laying period, in which about 90% of the calcium is used for bone and eggshell formation. Thus, calcium is an essential nutrient that affects the performance of laying ducks. A previous study showed that calcium signaling was related to eggshell quality (Zhang et al., 2015a) . Likewise, the results of the present study showed that the calcium-signaling pathway was enriched and 16 DEG were assigned to the calcium-signaling pathway, indicating that the calcium-signaling pathway also has a function in egg quantity.
CONCLUSIONS
In a word, egg production is a complex biological process. Here, 843 DEG in the ovary were identified between the HEP and LEP groups. GO analysis indicated that these genes are annotated to cellular progress, biological regulation, metabolic process, cell part, biding, and so on. KEGG pathway analysis indicated that some of these genes are involved in the neuroactive ligandreceptor interaction pathway, circadian rhythm, steroid biosynthesis pathway, fatty acid biosynthesis, calciumsignaling pathway, endocrine and other factor-regulated calcium reabsorption pathways, and other pathways. This transcriptome database provided genomic information of the ovaries from ducks in the HEP and LEP groups. These findings provide a very useful resource that may contribute to future functional studies of genes involved in bird reproduction.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Table S1 . The primer sequences of 26 differentially expressed genes and 2 reference genes. Table S2 . Differentially expressed genes between high egg production and low egg production group. Table S3 . Enrichment gene ontology (GO) classification of the DEG in level 2. Table S4 . Significantly enriched pathway of differentially expressed genes.
